We have studied relative energies, structures, rotational, vibrational and electronic spectra of the pyrylium cation, an oxygen-containing six-membered carbocyclic ring, and its six isomers, using ab initio quantum chemical methods.
I. Introduction
Pyrylium cation, 1, is an isomer of C 5 H 5 O + with a six-membered carbocyclic ring that incorporates an oxygen atom and is isoelectronic with benzene. A CH group in benzene is replaced with O + in the pyrylium cation. The oxygen heteroatom in the pyrylium cation introduces major physical and spectroscopic perturbations relative to benzene. Astronomers have identified benzene in the interstellar medium (ISM). 1 A similar identification of pyrylium cation in an oxygen rich environment would be an exciting new development in the identification of oxygen containing cyclic molecules in the ISM and could also help unravel how or if oxygen atoms are incorporated into the carbon ring framework in polycyclic aromatic hydrocarbons (PAHs). Pyrylium cation is also isoelectronic with pyridine, wherein the oxygen atom is replaced by a nitrogen atom (and the molecule is neutral). Pyridine has not been identified in the interstellar medium thus far.
The interstellar abundance of oxygen is comparable to the abundance of carbon.
Although much interstellar oxygen is locked up in carbon monoxide, carbon dioxide and silicates, many carbon and oxygen containing molecules have been identified in the interstellar medium -mainly straight chain alcohols, aldehydes, and carboxylic acids.
Cyclic molecules, in which oxygen is involved in the cyclic framework, are as yet unobserved. Oxygenated polycyclic aromatic hydrocarbons (PAHs) may exist in oxygenrich areas of the interstellar medium, but have never been identified because of limited high-quality theoretical and experimental laboratory data. 2, 3 Oxygen can be involved in the PAH molecules as a hydroxy-cyclopentadiene, cyclopentenone, carboxylic acid functional group, or as a part of a ring, as in furan or pyran. Hudgins et al. have investigated the vibrational spectra of oxygen, and nitrogen, substituted circumcoronene cations. 4 Pyrylium cation, 1, has a pyranose structure, as shown in Figure 1 . There are many other higher energy isomers of C 5 H 5 O + , some of which are shown in Figure 2 . One of those, 2-methylene-2H-furanium or furfuryl ion, 2, has the framework of a ribose sugar of nucleotides. Direct analysis in real-time (DART) mass spectrometry of nucleotides reveals that they fragment when introduced into a high temperature (200-250C) helium gas stream. 5 One of the common ionic fragments observed in these experiments has a mass of 81 amu, representing C 5 H 5 O + . The deoxyribose sugar moiety of nucleotides dissociate from the nucleobase and the phosphate group in this experiment.
This C 5 H 5 O + ion is proposed to be 2-methylene-2H-furanium ion by Curtis et al., 5 though no structural information was available from the experiment.
A few other experimental and theoretical studies 6, 7 have investigated heteroatom insertion in carbocyclic rings in general, and oxygen insertion in the rings in particular, and proved that these species can form in the gas phase. Solano et al. predicted, based on electron impact mass spectra, that the furfuryl ion, 2, is synthesized during the dissociation of N-(2-furylmethyl) anilines. 8 Espinoza and Navarez studied 9 unimolecular rearrangements of methyl furan and pyran ions by DFT and RRKM theories, and predicted that the pyrylium ion is the most likely fragment-ion produced during the metastable decomposition of methyl furan. The mechanism of unimolecular rearrangement of pyrylium and furfuryl ions is, however, not understood. In yet another study, Chai and Pfefferle reported that the oxidation of benzene in lean-fuel conditions produces cyclopentadienonyl radical (C 5 H 5 O), which has the same chemical formula but one more electron, among other products. 10 Shock waves also oxidize cyclopentadienecyclopentadiene has not been observed in the ISM thus far -to form the C 5 H 5 O radical.
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These are only some of the ways C 5 H 5 O species could be synthesized from pure carbon compounds. Many more unexplored routes via ion-molecule reactions will exist, as ionmolecule reactions are one of the most effective ways large molecules can be synthesized in the ISM. [12] [13] [14] [15] Crystal structures of pyrylium salts and the aromatic character of the pyrylium ring have been studied before as pyrylium salts are very common in heterocyclic chemistry. 16 However, accurate structural parameters for the pyrylium cation, 1, furfuryl cation, 2, and the other higher energy isomers shown in Figure pyrylium cation, 1, is an oxygen-containing six membered aromatic ring that is isoelectronic with benzene and will therefore share its aromatic stability, and therefore might exist in the interstellar medium; 2) the 2-methylene-2H-furanium cation (furfuryl), 2, is a conjugated oxygen-containing five-membered ring which is also quite stable, and no five membered rings have been observed in the ISM thus far; and 3) 2 has the structure of a sugar and the identification of a sugar backbone in the ISM would be significant. Thus the goal of the present study is to thoroughly characterize the structural and spectroscopic parameters of both 1, 2, and the other higher energy isomers of Figure   2 .
In this study we have investigated relative energies and structural and spectroscopic parameters of the low-lying isomers of the C 5 H 5 O + cation. We have also computed the binding energies for the formation of the global minimum (which is the 6 pyrylium cation) from association of known ISM molecules and cations. We have compared the computed spectroscopic parameters of pyrylium cation with those of commonly known molecules such as benzene. We hope that these data will be useful in the future experimental identification and, potentially, the eventual astronomical observation of the pyrylium cation and/or its isomers.
II. Theoretical Methods
We obtained accurate geometrical parameters using coupled cluster singles and doubles with perturbative triples [CCSD(T)] 17 along with Dunning's correlation consistent valence triple zeta basis set (cc-pVTZ). 18 Coupled cluster calculations were performed using the MOLPRO 2008 quantum chemistry code. 19 As a prelude to future studies of the growth of larger oxygen containing molecules, we also compared the performance of more computationally affordable methods. We used restricted second order Møller-Plesset perturbation theory (MP2) to optimize the geometries of the pyrylium cation and its isomers. We computed the harmonic vibrational frequencies and intensities using MP2/cc-pVTZ. 
III. Results
In the following sub-sections we will discuss the relative energies of the isomers (A), geometrical parameters (B), rotational constants (C), association energies (D), harmonic vibrational frequencies (E), and electronic excitation spectra (F) for singletsinglet transitions of the seven lowest energy isomers of the C 5 H 5 O + shown in Figure 2 .
III.A. Relative energies
In Table 1 we present the relative energies upon geometry optimization using the 
III.B. Structures
Structural features of the pyrylium cation are seen in Figure There are a few more isomers that are higher lying on the singlet potential energy surface, and thus, not included here. For example, an interesting cage structure was found 
III.C. Rotational Constants
All the isomers investigated in this work are asymmetric tops. The rotational constants and dipole moments of the 7 studied isomers of C 5 H 5 O + are presented in Table   2 . Importantly, the rotational constants for all of the isomers exhibit significant differences between one another, suggesting that the different isomers would be easily distinguished using either rotational spectroscopy or high-resolution rovibrational spectroscopy. Further, all of the isomers possess significant dipole moments indicating that they should be observable provided their concentration is large enough.
III.D. Association energies
We turn our attention to the association energies of fragments leading to the global minimum, 1, the pyrylium cation. We are interested in the stability of the pyrylium cation relative to known molecules/ions in carbon and oxygen rich environments of the ISM. How the pyrylium cation might be synthesized in the ISM is of great interest as it is a six-membered ring similar to benzene. We note that in a favorable association reaction, the excess energy would need to be eliminated, and this typically occurs either via radiative attachment or dissociative attachment. However, it is not the purpose of the present study to investigate all possible formation mechanisms and pathways, rather in this section we present various asymptotes of association of precursors leading to the pyrylium cation merely to determine its thermodynamic stability relative to other possible products. We could conceive of ion-molecule reactions of two types of precursors: closed shells and radicals. In both cases we found strong and favorable association energies, as presented in Table 3 . We computed association energies with B3LYP, MP2, and CCSD(T) in conjunction with the cc-pVTZ basis set. Association energies computed using all three methods are very similar to each other for each set of association asymptotes. The first four rows represent ion-molecule association of closed-shell species.
The last two rows represent radical-radical association energies and, therefore, yield larger association energies (i.e. coming from higher energy asymptotes). . The association energy of cyclobutadiene cation with HCO, both radicals, is 141.0 kcal/mol.
Association of the HCCHCHO and HCCH + radicals leads to an even larger energy release of 203.9 kcal/mol. The association energies in Table 3 show that formation of pyrylium cation is thermodynamically favorable relative to many asymptotes.
III.E. Vibrational Frequencies
Harmonic vibrational frequencies of all the isomers of C 5 H 5 O + were computed at the MP2/cc-pVTZ level of theory and are presented in Tables 4, 5 and 6. In Table 4 , the symmetries of the vibrational modes, the harmonic vibrational frequencies, and the infrared intensities (using the double harmonic approximation) of the pyrylium cation are presented. A large-intensity bending mode appears at 668 cm -1 , and a couple of largeintensity modes appear near the C-O stretching region at 1538 and 1692 cm -1 . These harmonic vibrational frequencies could act as good reference points for verification of future experimental detection of pyrylium cation, 1.
Benzene has a pair of degenerate CH stretching modes at 3199.7 cm -1 (e 1u ) and 3183.1 cm -1 (e 2g ), and non-degenerate frequencies at 3209.9 cm -1 (a 1g ) and 3173.1 cm -1 (b 1u ) according to harmonic frequencies computed at the CCSD(T) level of theory. 26 1
has five unique frequencies in the CH stretching region, and two of them, 3309 cm -1 (A 1 ) and 3319 cm -1 , (B 2 ) have appreciable intensities, while the other three at 3289, 3306 and 3323 cm -1 have smaller intensities. It is interesting that the C-H stretch frequencies for 1 are all higher in energy than those in benzene, at least for the comparisons made here.
The B 1 symmetry mode at 668 cm -1 (Table 4 ) with large intensity is an asymmetric rocking motion of the COC and CCC moieties. The A 1 symmetry mode at 990 cm -1 is a symmetric stretch of the two CO bonds. An asymmetric CC stretch is responsible for the B 2 symmetry mode at 1538 cm -1 with a large intensity of 76.6 km/mol, and a symmetric CC stretch is responsible for the A 1 symmetry band at 1692 cm -1 with an intensity of 61.8 km/mol. Further refinement of the vibrational spectra incorporating anharmonicity and a dipole moment surface for the intensities would provide more accurate vibrational frequencies but is beyond the scope of this work. Table 5 reports the harmonic vibrational frequencies, with corresponding normal mode symmetries, of the C s symmetry planar isomers -furfuryl (2), 3-methylene furanium (3), and hydroxy-cyclopentadiene (4) cations. 2 has one large-intensity C-O feature near the C-O stretching region at 1497 cm -1 (intensity 134 km/mol), and a few medium intensity features -one at 845 cm -1 and another at 1460 cm -1 stand out.
The vibrational frequencies of the C s symmetry non-planar (two hydrogen atoms out-of-plane) isomers (5, 6, 7) are presented in Table 6 . These vibrational frequencies should be useful for identification of the corresponding isomers in future laboratory experiments and in the interstellar medium.
III.F. Electronic spectra
Electronic excitation spectra of the 7 isomers of Some of the electronic transitions for pyrylium cation, 1, possess large oscillator strengths due to an n to π* type transition from an oxygen lone-pair to the π* of the aromatic ring. These oscillator strengths of transitions for absorption lines are large enough that they can be observed easily. We have seen earlier 15 that the agreement between the positions of the excitation transitions estimated using time dependent density functional theory and those estimated using the EOM-CCSD method are within 0.3 eV if they are not of the charge transfer type excitation. Furthermore, these excitation transitions, computed using a range separated density functional ωB97X, are not affected by charge transfer type excitation, and thus should be reliable.
IV. Concluding remarks
We have studied the structures, relative energies, association energies and spectroscopic properties of the seven lowest energy isomers on the potential energy 
V.
VI. Tables   Table 1. Table of , at the CCSD(T)/cc-pVTZ level of theory. In ascending energy order, these isomers are 2-methylene furanium ion or furfuryl cation (2), 3-methyl-furanium (3), hydroxycyclopentadiene (4), cyclopentenone ion (5), methyl-cyclopropyl ketone ion (6) , and meta-cyclopentenone ion (7) . Bond lengths are in Angstroms and bond angles are in degrees.
